We show that the running of the Higgs-gaugino-higgsino couplings present in Partial Split Supersymmetry can severely affect the neutrino masses generated through Bilinear R-parity Violation. We find a working scenario where the predicted neutrino observables satisfy the experimental constraints when the running is neglected. After including the running, we show that already with a split supersymmetric scale of 10 4 GeV the atmospheric mass leaves the allowed experimental window, and that the solar mass leaves it even earlier, with a split supersymmetric scale of 10 3 GeV. This shows that the correct prediction of neutrino observables in these models necessitates the inclusion of the running of these couplings.
di-photon events with missing energy, a limit of 805 GeV for the gluino mass when the neutralino is heavier than 50 GeV was set. In ref.
[5] a sbottom pair was searched, with each sbottom decaying into a bottom quark and a neutralino. No signal was observed setting a bound of 60 GeV for the neutralino mass and 390
GeV for the sbottom mass. Other R-Parity conserving searches for supersymmetry can be found in ref. [6] for ATLAS and ref. [7] for CMS. These results mainly point to upper limits for gluino and squark masses which are starting to reach the 1 TeV level.
In the R-Parity violating scenario, in ref. [8] a displaced vertex is looked for in association with a muon, found in the decay of a neutralino. The non-observation of an excess placed limits on the production cross section as a function of the neutralino lifetime. In ref. [9] a massive particle decaying into an electron and a muon is searched, with no excess found. This places limits on a stau that decays via trilinear R-Parity violating couplings, setting a model dependent lower bound on the stau mass of 1.32 TeV. In ref. [10] supersymmetry was searched in the channel with jets and an isolated lepton without the observation of an excess. This was interpreted in the Bilinear R-Parity Violation (BRpV) model in the tree-level dominance scenario, and exclusion limits where set in the gaugino-scalar mass plane (M 1/2 − m 0 ). For example, the gaugino mass has to be larger than 340 GeV for low scalar masses, and for low gaugino masses the scalar mass has a lower bound that reach around 900 GeV.
Although the LHC experiments have not found evidence for supersymmetry, the available experimental information is ruling out important sectors of the theory, specially where colored particles are light. At least two mayor scenarios are not challenged yet: Split Supersymmetry (SS) and R-Parity violation.
First, in Split supersymmetry [11, 12] all scalar particles are very heavy, with the exception of a SMlike Higgs boson. The idea behind this model is to keep two of the best phenomenological features of supersymmetric theories, namely the unification of gauge couplings and the existence of a viable dark matter candidate. The price to pay is the abandon of the supersymmetric solution to the naturalness problem. Since squark are not seen yet at the LHC, this scenario acquires strength. Second, although signals for R-Parity have been searched for, the constraints are strongly model dependent. In BRpV for example, the search reported in [10] is interpreted in BRpV within the tree-level dominance scenario. In this case, tree level contributions to neutrino mass matrix dominates over the one-loop corrections. But this needs not to be the case, and in other scenarios the interpretation of the search results would have to be re-done. In fact, in a different scenario the decay of the neutralino into a muon and two jets could be very suppressed.
In the original version of Split Supersymmetry, where only one Higgs doublet remains light, it is not sufficient to add BRpV to generate acceptable neutrino masses and mixing angles. One way to fix this problem would be the inclusion of a gravity motivated term to the neutrino mass matrix [13] . A different approach is to keep two Higgs doublets light with all the sfermions masses at a high scale, scenario known as Partial Split Supersymmetry (PSS) [14] [15] [16] . In this scenario, despite the fact that the lightest neutralino is unstable due to the presence of BRpV, the gravitino is a viable dark matter candidate [17, 18] .
In PSS, after integrating out the sfermions, new couplings are generated between the gauginos, higgsinos, and light Higgs bosons. These couplings are calledg u ,g d ,g ′ u , andg ′ d , and have boundary conditions at the split supersymmetric scale m that relate them to the gauge couplings. They run independently to the weak scale acquiring values that differs from coupling to coupling, running that has been neglected up to now. In this article we find the RGE for these couplings in PSS, and estimate the effect they produce in the neutrino observables.
II. ELECTROWEAK SYMMETRY BREAKING
In PSS the Higgs sector is the same as in the MSSM, with two Higgs doublets H u and H d , each acquiring vacuum expectation values v u and v d respectively. The Higgs potential is also equal to the one in the MSSM.
The presence of BRpV implies that the sneutrinos acquire a vev, v i , i = 1, 2, 3, one for each generation of sneutrinos. If we do not decouple yet the sfermions, the minimization conditions for the scalar potential are the ones in the MSSM-BRpV model [19] . The tadpole condition for the two Higgs boson vevs are given by,
while the three tadpole conditions associated to the sneutrino vevs are condensed into the following equation,
Most of the notation in these equations is the usual one, although we note that ǫ i are the supersymmetric BRpV mass terms in the superpotential, and that B i ǫ are the bilinear soft terms associated to the former, analogous to the term B µ which is related to the CP-odd Higgs mass [14] .
In PSS sfermions masses are pushed up to a scale m ≫ m Z , and eq. (2) 
assuming that the other terms are smaller. This can be achieved in theoretical models as noted in ref. [18] .
On the other hand, the two conditions in eq. (1) 
All these considerations imply that the scalar potential can have a minimum with a given set of vevs for the case of very large sfermion masses, provided the soft mass parameters satisfy the tadpole equations. Under these conditions, the mass eigenstate sfermions are integrated out. In particular, the sneutrino mass eigenstates that are integrated out have, by construction, a higgs component.
Conversely, the remaining Higgs bosons fields at the low scale, have a sneutrino component. This is crucial for the neutrino mass generation mechanism to work.
III. NEUTRAL FERMIONS IN PARTIAL SPLIT SUSY
Now we work in the low energy effective model where the sfermions are integrated out. As in any supersymmetric model with BRpV, in PSS gauginos and higgsinos mix with neutrinos forming a 7 × 7 mass matrix. In the base
we group the mass terms in the lagrangian
where we divide the mass matrix into four blocks,
The upper-left block corresponds to the neutralino sector,
The form of this mass matrix is analogous to the case in the MSSM, the difference being in the Higgsgaugino-higgsino couplingsg, whose form in the lagrangian are,
In the MSSM these couplings are equal to the corresponding gauge couplings, thus the boundary conditions they satisfy at the scale m areg
Below the scale m these couplings are governed by their own RGE, which are developedoped for PSS in the Appendix. The mixing between neutralinos and neutrinos is given by the block
The relevant terms in the lagrangian that account for this mixing matrix are,
where we see the supersymmetric mass parameters ǫ i , which mix higgsinos with neutrinos. The Higgsgaugino-lepton term proportional to b i are induced in the low energy theory after the sleptons are integrated out, contributing to the gaugino-neutrino mixing when the Higgs acquire a vacuum expectation value.
The nature of the b i terms can be understood as follows. Above the scalem the Higgs scalars gauge eigenstates mix with the sneutrinos gauge eigenstates, both the real parts (CP-even) and the imaginary parts (CP-odd). If we call s i s and t i s the component of the i-th real-part-sneutrino inside the CP-even Higgs bosons mass eigenstates h and H respectively, it has been proved that they satisfy
with analogous relations for the imaginary-part-sneutrinos [14] . Therefore, the presence of a non-zero b i term in eq. (9) indicates that the low energy fields we call Higgs bosons, in fact have a small sneutrino component. The sneutrinos are not completely decoupled from the low energy theory below m, but continue living inside our Higgs bosons. In addition, the fact that b i is proportional to the sneutrino vev, implies that if the SU (2) breaking is switch off, the b i disappears.
If eq. (4) is block diagonalized, a neutrino effective mass matrix is generated,
with,
This matrix, whose matrix elements we denote M ij ν = A (0) Λ i Λ j with A (0) being the tree-level contribution in eq. (10), has only one non-vanishing eigenvalue. Quantum corrections must be included in order to generate a solar as well an atmospheric mass difference. The quantum corrected neutrino effective mass matrix becomes,
The C coefficient is generated at one-loop and in PSS, with m Z ≪ m A ≪ m, the important contributions are from loops with neutral Higgs bosons, resulting in [15] 
In addition, the A coefficient receives small one-loop corrections we do not display, and there is a coefficient B that mixes Λ and ǫ, but can be tunned to zero by choosing an appropriate substraction scale.
Notice that the neutrino mass terms satisfy the two requisites a Majorana neutrino mass should. First, lepton number is violated, as seen in eq. (9) by both terms ǫ i and b i . Second, this neutrino mass vanishes in the limit where SU (2) symmetry is restored, as we see from Λ i definition that Λ i → 0 as v → 0, and from eq. (13) that C → 0 in the same limit. Notice also that the general theorem shown in ref. [20] is also satisfied in our model. The theorem states that for a Majorana neutrino mass to be non-zero in a supersymmetric model, a "Majorana" sneutrino mass should be present also. This means a mass splitting between the real and imaginary sneutrino masses. Remembering that our sneutrinos live in the low energy Higgs fields, this means that the contribution from the Higgs loops should vanish if m H → m A . This is satisfied in our model because the above limit is equivalent to m A ≫ m Z , and from eq. (13) we see that the C term goes zero in this limit.
One of the neutrinos remains massless, and the experimental result ∆m 2 sol /∆m 2 atm ≈ 0.035 implies
Further approximated results can be obtained if one of the terms A| Λ| 2 and C| ǫ | 2 dominates over the other. The tree-level dominance scenario is the most commonly assumed [10] , and corresponds to the case
IV. NUMERICAL RESULTS

A. Running Couplings in PSS
One of the guiding principles of Split Supersymmetry is gauge unification. It is expected that above the scale M GU T particles interactions are governed by a gauge theory based on a single gauge group. Therefore we impose the unification of the three gauge couplings at M GU T . The starting point is at the weak scale,
with α −1 e (m Z ) = 128.962 ± 0.014 [21] and s 2 W (m Z ) = 0.23116 ± 0.00013 [22] . We run the couplings g 1 and g 2 until they meet at a scale we define as M GU T . At that point we impose g 3 = g 2 = g 1 and run back g 3 to the weak scale, where we impose that the strong coupling constant satisfy the experimental constraint α s (m Z ) = 0.1184 ± 0.0007 [22] .
As a working example we take m = 10 14 GeV and tan β = 10, and find M GU T = 3.6 × 10 16 GeV with α s (m Z ) = 0.1189, in agreement with the experimental data. The running of the three gauge coupling constans can be seen in Fig. 1 . The RGE for g i above the scale m are the ones for the MSSM, while below m the RGE to be used are the ones for PSS and they are given in the Appendix. In the same working scenario we plot in Fig. 2 the Higgs-higgsino-gaugino couplingsg. The top three curves correspond tog d , g u , and g (= g 2 ), the third one shown for comparison. Above m the three coincide as it should be in the MSSM, and below m they separate for as much as 20% in the case ofg d . The lower three curves correspond tog ′ d ,g ′ u , and g ′ (= g 1 3/5), and they can differ for as much as 10% in this scenario. Considering the high precission for the measurements of neutrino mass differences, these RGE effects will have an impact as we will show next.
B. Neutrino Mass Differences in PSS
It is clear that the larger m the larger the RGE effects on the gaugino couplingsg. This is obvious from the definition, but it is also apparent in Fig. 2 . This affects the neutrino mass matrix in eq. (12) coefficients A and C, which depend on the gaugino couplings as can be seen in eqs. (10) and (13) . The size and shape of the effect depends also on the particular point in parameter space we are working with.
First of all we look for a working scenario with neutrino masses and mixing angles in agreement with experimental results, when neglecting the RGE effect. This means we work in the approximationg d = g u = g andg ′ d =g ′ u = g ′ at the weak scale. For the PSS parameters we choose the values indicated in Table I .
For the RpV parameters we perform a scan over parameter space according to the intervals indicated in 
and demand χ 2 < 1. Among all the solutions we choose the one given by the second column in Table II with χ 2 = 0.072, and refer to it as scenario S. This is an example of what we call a one-loop dominated solution, since |A Λ 2 /(C ǫ 2 )| = 0.29. Without approximations in the neutrino mass matrix in eq. (12) It is useful to confront these results with approximated neutrino mass differences and angles in the one-loop dominated scenario. In this situation we have,
Clearly the mixing angles in first approximation are not affected by the RGE effects, while the mass differences are. This is confirmed in the following plots.
In Fig. 3 we have the atmospheric mass squared difference in the y-axis and the sine squared of the atmospheric angle in the x-axis. The lowest point corresponds to m = m Z , which means we have the MSSM all the way to the weak scale. This is also equivalent to neglect the RGE effects. The ∆m 2 atm and sin 2 θ atm values for this case are the ones given in eq. (17) . In the following points we study the effect of theg running, and each of them are defined by an increasing value of m. Two things are immediately apparent: (i) the effect on the atmospheric angle is negligible, and (ii) the effect on the atmospheric mass is very important. Indeed, already at m = 10 4 GeV the value of ∆m 2 atm leaves the 3σ allowed interval. In Fig. 4 we have a similar plot, with the solar mass squared difference in the y-axis and the sine squared of the solar angle in the x-axis. The situation is similar, with a very small effect on the solar angle and a very large effect on the solar mass. Indeed, already for m = 10 3 GeV the solar mass calculated including the RGE effect leaves the 3σ allowed interval.
V. SUMMARY
We have seen that neutrino masses can be generated in PSS via a low energy see-saw mechanism, where neutrinos mix with neutralinos through BRpV couplings. The neutrino masses and mixing angles generated depend, through both the tree-level and the one-loop contributions, on the Higgs-gaugino-higgsino couplings. These couplings have boundary conditions at the split supersymmetric scale m that relate them to the gauge couplings. But the RGEs that govern them are different from the RGEs for the gauge couplings, which implies they have different values at the weak scale. We have found the RGE for the relevant couplings in PSS, and showed that the effect of their running is large enough to affect the neutrino observables.
Although mixing angles are not affected, we have shown that the atmospheric and solar mass squared differences are very sensitive to this running, such that with a moderate split supersymmetric scale, it already can change the viability of a given scenario.
VI. APPENDIX: RENORMALIZATION GROUP EQUATIONS
Here we study the Renormalization Group Equations for gauge, Yukawa, and gaugino-Higgs-higgsino couplings in Partial Split Supersymmetry. As usual, we define t = ln Q 2 with Q the arbitrary scale introduced by dimensional regularization. We use the results, and follow as close as possible the notation, given by [24] .
A. General Two-loop RGE for Gauge Couplings
In a SU (3) × SU (2) × U (1) gauge theory, the three gauge couplings have the following RGE,
where there is a sum over j but not over i. Here i = 1, 2, 3 refers to the U (1), SU (2), and SU (3) groups respectively, denoted in general as G i , with g i being the corresponding gauge coupling. The term proportional to b i is the one-loop contribution, with
and i = j = k. The first term is the contribution from the gauge bosons, with C 2 (G i ) the normalization factor of the quadratic Casimir operator C 2 for the adjoint representation of the group G i . This Casimir normalization is defined as,
also satisfying,
where A a i are the N generators in the adjoint representation of the group G i , labeled by the indices a, b = 1, ...N . For G N = SU (N ), N > 1 we have C 2 (G N ) = N , while for G 1 = U (1) we have C 2 (G 1 ) = 0. In particular, for the case of SU (2) and SU (3) we have the two well known results,
with ǫ abc and f abc the structure constants of the SU (2) and SU (3) Lie groups respectively.
The second term in eq. (20) corresponds to the contribution from fermions living in a general representation R f i , where f runs over all different fermions and i = 1, 2, 3 refers to the gauge group G i as before. In our model, fermions live in the fundamental representation, whose generators we call F a i . They are equal to half the Pauli matrices in the case of SU (2), F a 2 = σ a /2, a = 1, ...3, and half the Gelmann matrices in the case of SU (3), F a 3 = λ a /2, a = 1, ...8. They satisfy,
where T (R The third term in eq. (20) is the contribution from scalars when they live in the general representation R s i , where s runs over all the scalars. If this representation is the fundamental, of course we have T (R s i ) = 1/2. We turn now to the two-loop contributions to the RGE for the gauge couplings, given in the second term of eq. (19) . The term B ij inside the bracket is equal to,
with i = j = k and there is no sum over repeated i indices. Here we see the quadratic Casimir normalization factor evaluated in the fundamental representation. The version of eq. (21) for the fundamental representation is,
with an upper index f or s on R i for the fermion and scalar cases. It can be easily shown the following relation with the Dynkin index,
This implies for the fundamental representation of SU (N ) that C 2 (R N ) = (N 2 − 1)/(2N ). For the case of U (1) we have C 2 (R 1 ) = T (R 1 ) = y 2 , with y defined before as the normalized hypercharge.
The Y i (F ) term inside the bracket in eq. (19) is given by,
where Y a f are Yukawa-type terms (see Appendix C), f are all the fermions that couple through that coupling, and a labels the real scalars coupled to those fermions.
B. Explicit Two-loop RGE for Gauge Couplings in PSS
Here we explicitly apply the above formulae to our model. We find first the one loop parameters b i , which for SU (3) in PSS is,
which includes contributions from gluons, Q, u R , d R , andg. Note that n g is the number of generations, that the gluinos live in the adjoint representation thus we use T (R f 3 ) = 3, and that PSS does not include squarks. For convenience we include in brackets the SM contribution to the RGE.
Second, for SU (2) we have, and H u . Note that the winos live in the adjoint representation, thus we take T (R f 2 ) = 2. Third, we obtain for U (1),
which includes contributions from B, Next we calculate the two-loop parameters B ij in eq. (19) . The diagonal terms B ii are calculated from eq. (25),
where we are including
, and H u ;
where we have included W , Q, L, H d , H u , H d , W , and H u ; and
where we have included g, Q, u R , d R , andg.
The off-diagonal terms B ij are also calculated from eq. (25),
where in both B 12 and B 21 we included Q, L, H d , H u , H d , and H u ;
where in both B 13 and B 31 we included Q, d R , and u R ; and
where in both B 23 and B 32 we included only Q. We summarize the two-loop parameters B ij in Table IV . 
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Finally we calculate the two-loop terms Y i (F ) given in eq. (28). For the U (1) gauge group we have,
where we have included Q, d R , u R , L, e R , H u , and H d . Notice that the Yukawa terms that contribute due to the higgsinos are written in eq. (6); the term associated to SU (2) is, 
where we have included Q, d R , and u R .
To summarize, the two-loop RGE for the gauge couplings in PPS are, for U (1) 
C. General One-loop RGE for Yukawa Couplings
In the context of Renormalization Group Equations, the usual notation for the Yukawa terms in the lagrangian is,
where Y a is a hermitic matrix, ψ i i = 1...n are n two-component fermion fields in chiral representation, and φ a i = 1...m are m real scalar fields. The m RGEs for the n × n Yukawa matrices are
with
In this last equation the sum over f runs over all fermions that couple by Y a ij , C 2 (R k ) is the normalization of the Casimir operator in the representation R k of the gauge groups with coupling constant g k , k = 1, 2, 3.
D. Explicit One-loop RGE for Yukawa Couplings in PSS
In our model the terms in the lagrangian usually known as Yukawa couplings are
